A detailed analysis of martensite transformations in 18/8 (304) stainless steel, utilizing transmission electron microscopy and diffraction in conjunction with X-ray and magnetization techniques, has established that the sequence of transformation is y ~ e ~a. 9 is a thermodynamically stable hcp phase whose formation is greatly enhanced as a result of plastic deformation. Comparison with the 9 ~a transformation in pure Fe-Mn alloys lends further support to the above sequence and suggests that a transformation line between e and ot in Fe-Cr-Ni alloys can be expected. In the 304 stainless steel used in this investigation, formation of a was induced only by plastic deformation and subsequent to formation of 9 Nucleation of ~r occurs heterogeneously at intersections of 9 bands or where 9 bands abut twin or grain boundaries (which represent unilaterally compressed regions). From electron diffraction, the Nishiyama relationship between ~ and a phases appears to predominate at the start of the transformation, but then changes to that of Kurdjumov-Sachs. Based on these observations, a sequence of atom movements from the hcp structure to the bcc structure is proposed which has the basic geometric features of the martensitic transformation.
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THE martensitic transformation from the fcc to the bcc phase in 18/8 type austenitic stainless steels is complicated by the presence of the hcp ( 9 phase which is always found to be closely associated with the a. Both the transformation products, E and ~r, are believed to transform martensitically in that a shape change was observed in each case, although, as pointed out by Wayman ~ in a very recent review, the shape change has not yet been verified to conform to an invariant plane strain. It is possible for these phases to be obtained either by direct quenching of the austenite or by stress-inducing the transformations, although it is not clear whether in 18/8 a can be produced just by quenching.
The structural characteristics of the 9 and phases in these alloys have been widely investigated using both optical 2-7 and transmission electron microscopy 7-~s in conjunction with X-ray techniques. The presence of the strong (1010)r s reflection and also the double diffraction spot (0001) es in electron diffraction patterns implied that 9 was hexagonal rather than fcc containing a high density of randomly distributed faults. The 9 phase has been observed to occur as dark bands on {111}~/ planes with the ~r forming within the width of these bands. Kelly ~3 describes a as lath-like, which differs from the needle-like 1~ and plate-like 4 descriptions of previous investigators. It appears also that the orientation relationship between the $ and phases corresponds to the Kurdjumov-Sachs relationship, although the crystallography and mode of the a martensite formation differs from that in the Fe-C, Fe-Ni-C, and Fe-Ni alloys. 1,1o,1s
The close association of a and E in these alloys gives rise to the natural question as to which phase forms first. Two possibilities arise: 1) 9 forms first and a nucleates within 9 or, 2) the austenite transforms directly to a with the E being formed as a con-PAT L. MANGONON, JR., formerly with Department of Materials Science and Engineering, University of California, Berkeley, Calif., is with Inland Steel Company, East Chicago, Ind. GARETH THOMAS is Professor of Metallurgy in the Department of Materials Science and Engineering, University of California.
Manuscript submitted June 16, 1969.
sequence of the rather large shear strain component (~10 deg) of the invariant plane strain deformation of the y--a transformation, and the low stacking fault energy of the untransformed austenite. In spite of the numerous investigations devoted to this question, no unambiguous resolution has yet been attained. 1 Cina 2'3 found the amount of E became a maximum and later decreased in quantity while the amount of a progressively increased. This observation led him to believe that a nucleated from E. Reed 4 showed by stainetching that long a plates were induced alongside bands of e after repeated cycling from room temperature to subzero temperatures. Venables 8 and Lagneborg, 7 using transmission electron microscopy, showed that the a was preferentially nucleated at intersections of two e bands or an r band and an active slip plane. On the other hand, Otte and Dash 9'1~ and Breedis H took the second point of view that c forms only because of the large shape deformation due to the y--a transformation. It has been further argued 9 from symmetry considerations that the transformation from a structure of lower symmetry, i.e., hcp, to one of higher symmetry, i.e., bcc, is highly unlikely. Furthermore, Goldman, Robertson, and Koss ~4 argued that a different M s temperature should be observed for the y ~ transformation, from that due to the 9' ~ or e ~a transformations. Since a difference was not found, the 9 was concluded not to be art intermediate phase. Wayman ~ has argued from the theoretical calculations of Kelly ~3 that the inhomogeneous shear (me = 0.35) is too large to permit classification to a lattice invariant shear and the overall transformation to be of the fcc --bcc type. In this respect, Wayman 1 supports the view that ~ forms as a consequence of the a formation. With the latter point of view, e should be expected to increase proportionately with increasing amounts of and, also, 9 should never be observed unless a is already present. However, Cina, 3 Gunther and Reed ~s showed that this cannot be the case since e decreased in amount after attaining a certain maximum quantity. Otte and Dash 9 suggested that unfaulting occurred by recombination of partial dislocations before ~ transformed to a. This might very well explain the de-crease in amount of 9 phase, and implies very strongly that the 9 phase cannot be contained within the bounds of the a phase.
The present investigation was undertaken to clarify the actual sequence of events in the transformation, and to learn more of the nucleation mechanisms. A further investigation of the changes in mechanical properties resulting from thermal-mechanical treatments to produce a is described in a second paper. 17
I) EXPERIMENTAL TECHNIQUES
The composition of the alloy was 18.03 pct Cr, 8.46 pct Ni, 1.32 pct Mn, 0.07 pct C, 0.72 pct Si, 0.015 pct P, 0.006 pct S, 0.08 pct Co, and the balance Fe.
Tensile specimens with gage section 2 88 by -~ in. were obtained from the 0.030-in. thick 304 stainless steel sheet stock. All specimens were annealed at ll00~ for 30 min in argon atmosphere and then quenched in water. Some specimens were quenched directly to liquid nitrogen (78~ and helium (4~ and one specimen into dry ice-acetone bath (~195~ and held for 3 days. Sensitive magnetic measurements ~6.
*With the search coils used for the magnetic saturation measurements, fields as low as 5 G are detectable. Thts is equivalent to detecting 0.2 pet of the magnetic ct phase. See also Appendix of Part II of these papers.
showed that a did not form after these treatments, and indicate that the M s for c~ must be below 4~ In order to induce formation of a, the specimens were deformed in an Instron machine up to a uniform tensile elongation of 24 and 40 pct (in 2 in.-gage length) at liquid nitrogen and room temperatures, respectively, a was detected after a tensile strain of only 0.25 pct at liquid nitrogen temperature, whereas no evidence for a was observed up to 40 pct strain at room temperature. Rolling deformation at 78~ was also done up to 20 pct reduction in thickness. The material was intermittently dipped in liquid nitrogen between 0.001 in. maximum rolling reductions in thickness.
Magnetic analysis, X-ray, optical and transmission electron metallography were all done only on the material within the original 2-in. gage length of tensile specimens where the amount of strain is accurately known. The same specimen was used for the four techniques so that a one-to-one correspondence of results was obtained. Thus, magnetic analysis, X-ray, and optical metallography were done first before preparing specimens for transmission electron microscopy. Observation of the thin foils was done with the Siemens Elmiskop IA operated at 100 kv.
Details of the experimental techniques are described fully elsewhere. 16
II) EXPERIMENTAL RESULTS
A) The 9
The X-ray analysis at room temperature of specimens deformed at -196~
showed the presence of the 10.0, 10.1, and 10.2 reflections typical of unfaulted hcp structures. Thus, 9 is not randomly faulted fcc but a perfect hcp phase. Intensity measurements showed that the relative volume fraction of 9 reached a maximum amount after about 5 pct strain and then decreased thereafter, whereas the volume fraction of ~ increased steadily with increasing amounts of deformation.
The electron diffraction patterns and dark-field microscopy results, illustrated in Figs. 1 and 2 , confirm further that the c phase is hexagonal. The electron diffraction pattern, Fig. 1 Ca) , of the central area in Fig. l(b) is schematically drawn and indexed in Fig.  l(c) . Indexing of Fig. l(a) was greatly facilitated by noting the features revealed by the dark-field experiments shown in Figs. 2(a) through (f), which were due to spots marked A, B, C, D, E, and F, respectively, in Fig. l(c) , when these were tilted to the optic axis. A 10 ~ diam objective aperture was used to separate the diffraction spots to obtain the images of Fig. 2 , which correspond to the central area in Fig. l(b) . The dark-field images of Figs. 2(a) , 2(c), and 2(d) have the same contrast which means that spots A, C, and D, Fig. l(c) , came from the same (single) phase. These spots were indexed to be hexagonal and are the (01.0), (01.1), and (01.i)reflections in the [2i.0] zone. The indexed hexagonal pattern revealed the 00.1 double diffraction spot in Fig. l(a) , indicated in Fig. l(c) . This can only arise from a hcp structure and thus confirms the presence of a hexagonal phase. By the same token, Figs The last dark-field image, Fig. 2 (f), reversed contrast in the central portion (light area) of Fig. l(b) . The indexed patterns of the 9 and ~ show that the (0002) and (111) spots are coincident in F, Fig. l(c) , which explains the contrast reversals outside the central region. However, the central region cannot be E or 7 and is actually the a (bcc) phase. The d value of (110)~ is very close to the d values of the (0002) c and (111)3, which makes them overlap at F. In this pattern the orientation of a is very close to [100] . The 9 can be described either as regularly faulted 7, or as an hcp phase with an ideal c/a ratio. The diffraction pattern, Fig. l(a) , shows no shift in positions of the fcc reflections and the E reflections occur at all predicted ideal hcp positions and the (0001) spot appears due to double diffraction from the hcp structure.~8 Therefore, it is appropriate to define 9 as an hcp phase rather than as faulted austenite. The orientation relationships between 7 and 9 are simple in that close packed planes and directions are parallel in both phases. Because of the apparently low stacking fault energy of the 304 stainless steel, the formation of e is facilitated by dissociation of dislocations into partials in a manner similar to that observed in the nucleation and growth of the y' phase in A1-Ag alloys.~9 The streaks in Fig. l(a) in the [111]~ direction, sketched in Fig. l(c) , indicate that the 9 forms as thin sheets on {111}: e. These sheets are edge-on, i.e., perpendicular to the plane of the foil, and are seen projected as lines running bottom left to top right corner, Fig. l(b) . The dark-field images, Fig. 2 , illustrate an important point. The arrow at the central portion of Fig. l(b) points to a dark speck which is reversed in contrast Fig. 2(d) , and thus must be 9 The central area D in Fig. 2(d) and in Fig. 2(f) was identified as the ~ phase. The speck of 9 is within this ot particle This is contrary to one of Otte and Dash's implications 9 that 9 cannot occur within c~.
